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1. INTRODUCTION 
Activation of fatty acids to their coenzyme A 
thioesters results in the concomitant production of 
pyrophosphate (PPi). PPi is also produced in 
numerous biosynthetic reactions including nucleic 
acid synthesis, urea synthesis, cholesterol and 
phospholipid synthesis, amino acid activation for 
protein synthesis and UDP-glucose production for 
glycogen synthesis. Kornberg [I] has proposed that 
PPi is hydrolyzed in cells to make reactions, that 
produce PPi, more energetically favorable. It has 
also been proposed that PPi is involved in respira- 
tion in bacteria [2,3] and in mitochondria [4,5]. 
Skulachev [6] has suggested that PPi may act as an 
electrochemical potential buffer under certain con- 
ditions, and that PPi might be converted to Pi plus 
electrochemical potential energy. Evidence has also 
been presented for the transport of PPi across the 
mitochondrial membrane in exchange for adenine 
nucleotides via the adenine nucleotide translocase 
[7-91. 
of pyrophosphatase activity [12], causes an eleva- 
tion of intramitochondrial PPi which subsequently 
inhibits butyrate oxidation. A similar F--depen- 
dent response on mitochondrial PPi and fatty acid 
oxidation has been reported in [ 131. 
2. MATERIALS AND METHODS 
Male Wistar rats (200-250 g body wt) at the 
time of use were maintained on standard NIH rat 
diet and water ad libitum. Mitochondria were iso- 
lated from rat liver homogenates as in [14]. The 
mitochondria had respiratory control ratios [ 151 
above 6.0 with the substrates 5 mM glutamate plus 
5 mM malate. 
Freshly isolated mitochondria, suspended in 
0.25 M sucrose and 3 mM Tris-HCl (pH 7.4 at 
4”C), were incubated at 37°C in a system con- 
taining final concentrations of 94 mM sucrose, 
60 mM KCI, 10 mM potassium phosphate, 5 mM 
MgC12, 0.55 mM ATP and 10 mM butyrate in a 
total volume of 2.0 ml at pH 7.1-7.2. 
Experiments presented here were conducted in For analysis of ketone bodies and ATP, the incu- 
order to evaluate the fate of PPi generated in the bations were terminated with HC104 as in [16]. 
mitochondria. Butyrate was used in these experi- For measurement of the extramitochondrial and 
ments because it is activated only in the mitochon- intramitochondrial PPi and AMP, mitochondria 
dria [lo] and may be expected to produce large were rapidly separated from the medium after 
amounts of intramitochondrial PPi [l 11. Results incubation by centrifugation through an organic 
of this study indicate that Ca*+, a known inhibitor layer containing a 1: 1 mixture of bromodecane 
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and bromododecane (d = 1.052) into a lower per- 
chloric acid layer [17]. To account for the extra- 
matrix fluid that was carried through the organic 
layer with the mitochondria, [carboxyl-14C]inulin 
was included in the incubation mixture. PPi [ 181, 
acetoacetate [191, 3-hydroxybutyrate [20], ATP 
[21], and AMP [22] were determined enzymatically 
on neutralized (pH 5.0-6.0 with 4 M KOH, 
0.25 M MES) perchloric acid extracts. Oxygen 
consumption was measured with a Clark-type elec- 
trode [ 151. Protein was measured as in [23], with 
modifications [24]. The data in the tables and 
figures are representative of two or more indepen- 
dent experiments. 
New England Nuclear 
materials were reagent 
commercial sources. 
3. RESULTS AND DISCUSSION 
ATP, NADH, NAD+, Tris (Trizma base), 
butyric acid, L-glutamic acid, L-malic acid, KF, 
procaine hydrochloride, and ruthenium red were 
purchased from the Sigma Chemical Co. (St Louis 
MO). Ruthenium red was recrystallized from the 
commercial preparation [25]. The pyrophosphate : 
fructosed-phosphate 1-phosphotransferase used 
for PPi assays was a gift of Dr W.E. O’Brien, Bay- 
lor College of Medicine (Houston TX). Other en- 
zymes were obtained from Boehringer-Mannheim 
(Indianapolis IN). [curboxyl-14C]Inulin was from 
When isolated rat liver mitochondria were incu- 
bated with 10 mM butyrate in the presence of 
Ca2+ (120 nmol/mg protein) there was a rapid 
elevation of PPi (fig. l), reaching a plateau by 
10 min. In the absence of Ca2+ there was no in- 
crease in PPi over the intial low level. This is con- 
sistent with a Ca2+-dependent inhibition of pyro- 
phosphatase activity [ 121. The possibility cannot be 
excluded, however, that Ca2+ causes an elevation 
of PPi through the formation of calcium pyro- 
phosphate which decreases PPi availability to 
pyrophosphatase. Associated with the Ca2+-de- 
pendent elevation of PPi was a decrease in the rate 
of butyrate oxidation, reflected by ketone body 
synthesis (acetoacetate plus 3-hydroxybutyrate). 
The magnitude of the Ca2+-dependent elevation 
of PPi and inhibition of butyrate oxidation was 
directly related to [Ca2’] (fig. 2). The maximum 
effects on the PPi level (35 nmol PPi/mg protein) 
A ’ I I I I 1 
December 1982 
(Boston MA). All other 
grade and obtained from 
I I I I I 
5 10 15 20 25 30 0 5 10 15 20 25 30 
TIME (minutes) 
Fig. 1. Rate of calcium-dependent levation of pyrophosphate (A) and the associated inhibition of butyrate oxidation 
(B) in isolated mitochondria. After a 5 min preincubation ~t300,uM CaC12, mitochondria (5.0 mg protein) were in- 
cubated at 37°C with 10 mM butyrate for the respective times as in section 2: (m) control; (u) + Ca2+. 
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Fig. 2. Effect of calcium concentration on the elevation 
of pyrophosphate and inhibition of butyrate oxidation in 
isolated mitochondria. Mitochondria (7.5 mg protein) 
were incubated with 10 mM butyrate in the presence of 
increasing [CaClz] at 37°C for 4 min as in section 2: 
(o-_o) ketone bodies; (U) PPi; (ti) ATP. 
and butyrate oxidation (65% inhibition) were ob- 
served at 120 nmol and 90 mnol Ca*+/mg protein, 
respectively. At these concentrations of Ca*+ the 
mitochondria remained coupled as reflected by the 
maintenance of ATP levels. Also there was no dif- 
ference in the respiratory control ratios measured 
under the conditions of this experiment (except he 
substrates 5 mM glutamate plus 5 mM malate were 
substituted for butyrate) after 5 min incubation in 
the absence or presence of 120 nmol Ca’+/mg pro- 
tein. 
F-, an inhibitor of pyrophosphatase activity 
[ 12,131, elevated the total PPi to the same level ob- 
served with Ca2+ addition (table 1). There was no 
further elevation when Ca*+ and F- were added 
together, indicating a common mode of action by 
both ions. Similarly, Ca*+ and F- addition in- 
hibited butyrate oxidation, but inhibition was 
greater in the presence of F- (71%) than with 
Ca2+ (41%). When Ca*+ and F- were added to- 
gether, the inhibition of butyrate oxidation was 
identical to that observed with Ca*+ alone. It was 
shown in [ 131 that F- inhibits the oxidation of fatty 
acid substrates which are activated in the mito- 
chondrial matrix through the F--dependent inhibi- 
tion of mitochondrial pyrophosphatase. The 
resulting elevation of intramitochondrial PP, was 
shown to inhibit matrix acyl-CoA synthetase. 
These data strongly suggest hat the Ca2+-depen- 
dent elevation of PPi and inhibition of butyrate 
oxidation occur by a similar mechanism. However, 
in the presence of F-, PPi is more effective in in- 
hibiting butyrate oxidation than in the presence of 
Ca*+ (or Ca2+ plus F-). These data are consistant 
with the formation of insoluble calcium pyrophos- 
phate which would lower the effective concentra- 
tion of PPi and thus lessen the inhibition of the 
matrix acyl-CoA synthetase. 
In the presence of ruthenium red (1 FM), a mito- 
chondrial Ca2+ transport inhibitor [26,27], the 
Ca2+-dependent elevation of PPi and inhibition of 
butyrate oxidation was 43 and 41%) respectively, 
of that observed with Ca2+ alone (table 1). In an- 
other experiment (not shown) when ruthenium red 
was preincubated with the mitochondria before 
Ca*+ addition to block Ca2+ uptake maximally, 
the Ca2+-dependent effects were only 26% and 
27%, respectively, of that with Ca*+ alone. We 
observed that 1 ,uM ruthenium red completely 
blocked the Ca*+-dependent stimulation of res- 
Table 1 
Similar actions of Ca2+ and F- on the pyrophosphate 
content and butyrate oxidation in isolated mitrochondria 
- Effect of ruthenium red 
Additions Total Ketone body 
pyrophosphate synthesis 
(nmol/mg (nmol/mg 
protein) protein) 
1. Control 2.1 * 0.1 88 + 2 
2. 250 pM CaC12 15.9 * 1.4 51*2 
3. 10 mM KF 14.3 + 0.3 26 * 1 
4. 250 /IM CaC12 14.9 + 1.4 55 * 2 
+ 10mMKF 
5. 1 PM Ruthenium red 1.3 * 0.1 92 f 2 
6. 1 pM Ruthenium red 8.1 + 1.2 73 * 2 
+ 250 ,uM CaC12 
7. 1 pM Ruthenium red 13.7 + 1.0 25 + 1 
+ 10mMKF 
Mitochondria (5.0 mg protein) were incubated with 
10 mM butyrate for 5 min at 37°C in the presence of the 
respective additions as in section 2. Reported values are 
the mean f SEM of determinations obtained from 
triplicate flasks 
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Table 2 
Intramitochondrial location of the Ca2+-dependent elevation of pyrophosphate in the presence of 
butyrate 
Additions Pyrophosphate (nmol/mg protein) 
Extramito- 
chondrial 
Intramito- 
chondrial 
Total 
Freshly isolated mitochondria (no incubation) 0.8 k 0.1 0.4 * 0.1 1.2 + 0.2 
10 mM Butyrate 0.5 & 0.1 1.6 * 0.1 2.1 + 0.1 
10 mM Butyrate + 250 gM CaC12 0.7 + 0.2 10.6 * 0.7 11.3 f 0.5 
Mitochondria (4.8 mg of protein) were incubated for 5 min at 37°C in the presence of the respective 
additions and where then rapidly separated from the incubation medium as described in section 2. 
Reported values are the mean + the range of determinations obtained from duplicate flasks 
piration. However, with this concentration of 
ruthenium red, mitochondria will still slowly accu- 
mulate -2 nmol of Ca2+ .mg protein-’ . min-’ 
[28], thus it is not possible to block Ca2+ entry 
into the mitochondria completely. Ruthenium red 
addition had no effect on the F--dependent 
changes nor was there any effect of ruthenium red 
when added alone. It was also observed that the 
local anesthetic procaine (4OOpM), which blocks 
the binding of divalent cations to low affinity 
phospholipid sites [29], was totally ineffective in 
preventing the Ca2+ -induced changes (not shown). 
These data indicate that Ca2+ transport into the 
mitochondria is required to observe the Ca2+-de- 
pendent elevation of PPi and inhibition of buty- 
rate oxidation. 
The Ca2+-dependent elevation of PPi in the 
presence of butyrate occurred in the intramito- 
chondrial fraction (a 27-fold increase, table 2) 
which coincides with the site of butyrate oxidation 
[lo]. Even without added Ca2+, butyrate caused 
a 4-fold increase in intramitochondrial PPi. In 
this experiment the elevation of PPi was as- 
sociated with a 40% inhibition of butyrate 
oxidation. Ca2+ addition also caused a slight de- 
crease (17%) in the intramitochondrial AMP con- 
tent from 10.2 f 0.2-8.4 f 0.1 nmol/ml protein 
(mean f SEM, n = 4). This is consistent with inhi- 
bition of butyrate oxidation at the site of activa- 
tion by the matrix acyl-CoA synthetase (EC 
6.2.1.2), which catalyzes the reaction: 
butyrate + ATP + COA = butyrl-CoA + AMP + PP, 
In freshly isolated mitochondria the intramito- 
chondrial AMP was 3.3 f 0.1 nmol/mg protein. 
When palmitate was the substrate (in the presence 
of CoA and carnitine) Ca2+ addition had no signi- 
ficant effect on the level of PPi (intra- or extra- 
mitochondrial) or the intramitochondrial AMP 
and no inhibition of palmitate oxidation was ob- 
served (not shown). 
These data are consistent with a Ca2+-depen- 
dent inhibition of an intramitochondrial enzyme 
having pyrophosphatase activity (in the form of 
hydrolysis or utilization as an energy source). This 
results in an elevation of PPi and subsequent inhi- 
bition of butyrate oxidation either by true product 
inhibition of matrix acyl-CoA synthetase or by de- 
creasing the [butyryl-CoA] through mass action. 
Because of the high [Ca2’] used in these in vitro 
studies, the physiological significance of these data 
is not apparent. However, the data do suggest a 
potential role for Ca2+ in regulating the level of 
mitochondrial PPi and for PPi in regulating speci- 
fic enzymatic steps. 
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